Temperate grasses belonging to the Festuca-Lolium complex are important throughout the world in pasture and grassland agriculture. Tall fescue (Festuca arundinacea Schreb.) is the predominant species in the United States, covering approximately 15 million ha. Tall fescue has distinctive morphotypes, two of which are Continental (summer active) and Mediterranean (summer semidormant). This is the first report of a linkage map created for Mediterranean tall fescue, while updating the Continental map with additional simple sequence repeat and sequence-tagged site markers. Addition ally, this is the first time that diversity arrays technology (DArT) markers were used in the construction of a tall fescue map. The male parent (Continental), R43-64, map consisted of 594 markers arranged in 22 linkage groups (LGs) and covered a total of 1577 cM. The female parent (Mediterranean), 103-2, map was shorter (1258 cM) and consisted of only 208 markers arranged in 29 LGs. Marker densities for R43-64 and 103-2 were 2.65 and 6.08 cM per marker, respectively. When compared with the other Poaceae species, meadow fescue (F. pratensis Huds.), annual ryegrass (L. multiflorum Lam.), perennial ryegrass (L. perenne L.), Brachypodium distachyon (L.) Beauv., and barley (Hordeum vulgare L.), a total of 171 and 98 orthologous or homologous sequences, identified by DArT analysis, were identified in R43-64 and 103-2, respectively. By using genomic in situ hybridization, we aimed to identify potential progenitors of both morphotypes. However, no clear conclusion on genomic constitution was reached. These maps will aid in the search for quantitative trait loci of various traits as well as help define and distinguish genetic differences between the two morphotypes.
T all fescue (Festuca arundinacea Schreb.) is a member of the Poaceae family and is closely related to the ryegrasses (Lolium spp.). It has been proposed that the Festuca subgenus Schedonorus should be merged with the Lolium genus (Darbyshire, 1993) . However, it is clear that Lolium and Festuca fall into discrete taxa based on morphological traits as well as genetic differences (Köl-liker et al., 1999; Catalan et al., 2004; Mian et al., 2005; Kopecký et al., 2009a) . Tall fescue is a cross-pollinated species possessing high levels of heterozygosity. Nearly all progeny are genetically unique, and substantial amounts of genetic variation occur both within (71%) and between (29%) populations (Cuyeu et al., 2013) . Tall fescue, an allohexaploid (2n = 6x = 42), is part of a larger group of related plants that range from diploid (e.g., F. pratensis Huds.; 2n = 2x = 14) to decaploid (F. arundinacea subsp. cirtensis (St. Yves) J. Gamisans and var. letourneuxiana (St-Yves) Torrecilla and Catalán; 2n = 10x = 70) species. However, tall fescue is the most economically important in the United States (Sleper, 1985) . Tall fescue is comprised of three distinctive morphotypes or germplasm pools: rhizomatous, Continental (summeractive), and Mediterranean (summer semidormant).
The genomic constitution for Continental tall fescue is PPG 1 G 1 G 2 G 2 (Sleper and West, 1996) . The P subgenome is derived from meadow fescue (F. pratensis Huds.) while the G genomes originate from the autotetraploid fescue (F. arundinacea var. glaucescens Boiss) (Xu et al., 1991; Humphreys et al., 1995; Hand et al., 2010) . However, the complete genomic constitution of the Mediterranean tall fescue morphotype remains unknown. It is assumed to share the P genome with Continental tall fescue, while the remaining subgenomes have not been defined. It has been hypothesized that Mediterranean tall fescue is constituted from the putative M 1 and M 2 genomes from F. mairei St.-Yves (Saha et al., 2010) . Recently, Hand et al. (2010 identified that Mediterranean tall fescue is distinct from the Continental morphotype while the rhizomatous morphotype is found genetically among and within the Continental morphotype. The Continental and Mediterranean morphotypes can hybridize with nearly all F 1 progeny being sterile. It is common to have meiotic irregularities among the progeny even though both parents have a uniform ploidy level (Malik, 1967; Evans et al., 1973; Hunt and Sleper, 1981) . These meiotic irregularities are hypothesized to stem from a breakdown in control of the chromosome pairing that is derived from the different genomic constitutions, resulting in sterility (Jauhar, 1975 (Jauhar, , 1991 .
Wide crosses provide unique opportunities to understand how particular genomes are arranged with the possibility to identify traits or genomic regions difficult to locate in a traditional cross critical for improvement when little variation exists within the germplasm available. Many use wide crosses in studies such as tomato (Solanum lycopersicum L.) (de Vicente and Tanksley, 1993) , chickpea (Cicer arietinum L.) (Cobos et al., 2009) , and, recently, Miscanthus giganteus (Kim et al., 2012) , which is a sterile crop being promoted for bioenergy among many other crops. The case for using Mediterranean and Continental tall fescue is the potential to identify genomic regions for greater winterhardiness (to improve Mediterranean germplasm) and growth under cool conditions (to improve Continental germplasm). By crossing these morphotypes, it might be possible to identify those regions.
Development of a linkage map has great utility in the dissection of important agronomic traits such as resistance to fungal infections (Curley et al., 2005) , fiber digestibility (Cardinal et al., 2003) , and tolerance to abiotic stresses (Francia et al., 2004) . The genetic linkage maps are highly valuable in that they provide the framework to identify where genes of interest are located (Tondelli et al., 2006) . The quantitative trait loci (QTL) can then be determined from the genetic linkage maps and associated markers used in marker-assisted selection for economically valuable traits.
The first linkage map of the tall fescue Continental morphotypes was produced from restriction fragment length polymorphisms, which covered 1274 cM (Xu et al., 1995) . Later, an updated linkage map containing both simple sequence repeats (SSR) and amplified fragment length polymorphism (AFLP) markers was published . The SSR markers used are locus-specific and highly informative (Yu et al., 2002) . Additionally, expressed sequence tag (EST)-derived SSR markers are suitable for comparative analysis across species (Kantety et al., 2002) . This allows for identification of putative homeologous linkage groups (LGs). A relatively new technology called diversity arrays technology (DArT) has emerged as a tool for large-scale genotyping of plant and animal genomes (Jaccoud et al., 2001) . Unlike single nucleotide polymorphism (SNP) markers, which require some minimum level of sequence information, DArT does not require any prior sequence knowledge. This technology has only recently become available for members of the Festuca-Lolium complex (Kopecký et al., 2009a) .
Tall fescue's genomic complexity, self-incompatibility, and small number of known morphological genetic markers make genetic progress difficult (Xu et al., 1991) . A two-way, pseudo-testcross strategy is implemented for the construction of marker-based linkage maps in outcrossing species (Ritter et al., 1990) . Due to the parental heterozygosity, the markers can be dominant or codominant with the linkage phases (coupling or repulsion) commonly unknown (Maliepaard et al., 1997) .
Comparative mapping is highly informative to determine the degree of synteny and colinearity conserved between related species. Among many of the cereal and forage grasses-for example, rice (Oryza sativa L.), sorghum [Sorghum bicolor (L.) Moench], maize (Zea mays L.), wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and perennial ryegrass (L. perenne L.)-detailed analyses of these properties have been determined (Van Deynze et al., 1995; Gaut 2002; Pfeifer et al., 2013) . However, less is known among the forage grasses and between the forages and cereals. The first of such comparisons was published between perennial ryegrass, Triticeae, oat (Avena sativa L.), and rice (Jones et al., 2002) . Recently, a perennial ryegrass genome model was created using the GenomeZipper approach based on conserved synteny to barley, Brachypodium, rice, and sorghum (Pfeifer et al., 2013) . Additionally, a study among the Festuca-Lolium complex, using DArT markers, has shown a high degree of synteny and a lesser extent of colinearity (Bartoš et al., 2011) . The DArTFest markers have great utility for their use across the Festuca-Lolium complex. Comparative studies help locate QTL and genes of interest due to the conserved regions among related species, which is especially important for minor crops where genomic information is scarcely available.
Our objectives were to (i) construct linkage maps from the Continental and Mediterranean morphotypes of tall fescue for future use in QTL studies, (ii) begin to understand the synteny of related species through the utilization of DArT markers, and (iii) attempt to identify progenitor species to understand observed linkage map differences. This is the first report of a Mediterranean  Continental tall fescue population used for the construction of genetic linkage maps. Linkage maps were generated for each parent as only six homeologous LGs between the two parental genotypes could be identified. The LG designations were validated through the use of DArTFest markers, which were also used for comparative analysis of the constructed map with other members of the Poaceae family. Lastly, in an attempt to try and identify the progenitor species of the two parents, a genomic in situ hybridization (GISH) analysis was performed.
Materials and Methods

Plant Materials
The tall fescue mapping population used for this study was a pseudo-F 1 testcross derived from a Mediterranean (female) by Continental (male) cross. The female parent, 103-2, is a selection from the cultivar Flecha (Miller 2000) from AgResearch Grasslands of New Zealand (Pennington Seed). The male parent, R43-64, originates from a selection of 97TF1, which was collected in 1997 from Woodward County in northwestern Oklahoma. Two hundred F 1 progenies collected from the 103-2 parent were planted for trait evaluation, of which 195 were used for mapping. These F 1 progenies were confirmed by the SSR markers and used for linkage map construction. All plants derived from this cross were maintained as clonally propagated tillers.
DNA Extraction
From each progeny, young leaf tissue from a clonal copy kept in the greenhouse was collected and placed in a 2-mL tube and immediately frozen in liquid nitrogen. Each sample was ground to a fine powder using a Mixer Mill Type MM 300 (Retsch GmbH). The DNA was extracted using a DNeasy Plant Mini-prep DNA Extraction Kit (QIAGEN, Inc.) according to manufacturer's instructions with the following modifications. The extraction solution used was 500 L AP1 lysis buffer, 5 L RNase A, 165 L AP2 buffer, and 120 L AE. DNA concentrations were quantified using a NanoDrop ND1000 spectrophotometer (NanoDrop Technologies).
High-Throughput Simple Sequence Repeats and Sequence-Tagged Site Genotyping
Noble Foundation tall fescue EST-SSRs (NFFA), Nobel Foundation tall fescue genomic SSRs (NFFG), Cornell University conserved grass EST-SSRs (CNL), and Noble Foundation meadow fescue EST-SSRs (NFMF) were used to screen the parental lines for polymorphisms (ESM1 and 2). Additionally, the STS cold tolerance gene-derived (CTG) markers were developed from tall fescue ESTs that had high similarity to homologous C-repeat binding factor (CBF) genes from wheat, barley, rice, maize, and perennial ryegrass (ESM3). These markers may not only amplify CBF homologs, but genomic DNA that has similar sequence properties. Forward primers were modified by adding an 18-bp M13 tail at the 5 end. This allows concurrent fluorescence labeling of all polymerase chain reaction (PCR) products by a third primer with an incorporated fluorophore (Schuelke, 2000) . The final reaction volume of the PCR was 10 L, which contained 15 ng of template DNA, 0.1 L of 10 µM reverse primer, 0.25 L of 10 µM forward primer, 3.0 mM MgCl 2 , 2.5 mM of each dNTPs, 1 µM M13 fluorescent dye (Applied Biosystems) and 0.09 units of Taq DNA polymerase with 1 PCR Buffer (GeneScript Corp.). All of the primer combinations were first screened on the parents to identify the polymorphic primer pairs (PPs). The selected PPs were then screened on a subset of six to 10 F 1 progenies from the population to select PPs for genotyping the whole population. Some of the polymorphic PPs with nonspecific amplifications or too faint products, as well as PPs that amplified in all or none of the progenies, were discarded from the final population assay.
Polymerase chain reactions were completed using Geneamp 9700 thermocyclers (Applied Biosystems). The following touchdown PCR program was used for all primer sets; 95C (180 s) followed by six cycles of 94C (45 s), 68C (five min), and 72C (60 s) with the annealing temperature reduced by 2C per cycle; then eight cycles of 94C (45 s), 58C (120 s), and 72C (60 s) with the annealing temperature reduced by 1C per cycle; followed by 25 cycles of 94C (45 s), 50C (120 s), and 72C (60 s) with a final extension of 72C (7 min). The PCR products were read by an ABI 3730 fluorescence analyzer using the size standard LIZ 500 (Applied Biosystems). The amplified PCR products were analyzed using ABI Prism Gene Scan Analysis (ver. 2.1, Applied Biosystems). The Genescan trace files were imported and analyzed by GeneMapper 3.0 and 3.5 software (Applied Biosytems).
DArTFest Genotyping
The DArT procedure and analysis were performed for the mapping population according to Kopecký et al., (2009a) . Arrays were hybridized with fluorescently labeled genomic DNA from a total of 108 F 1 progeny, of which six of the progeny were not screened with the SSR and STS markers. A subset of the total population was selected due to cost limitations. The markers reported in the present study were selected with a call rate >80% and with technical reproducibility of >99.0%. These markers are designated by "D" and followed by the clone identification.
Linkage Analysis and Map Construction
The SSR and STS markers with alleles segregating in one or both parents were analyzed in 189 F 1 progenies along with the DArTFest marker genotypic data from 108 progenies. A total of 195 progeny were used for linkage map analysis and construction. Every marker locus was confirmed to segregate in either a 1:1 or 3:1 ratio using a Chi-square test (P < 0.05). The marker data from all marker classes was split into three classes 1:1, 3:1, and distorted. The initial map for each parent was constructed using the 1:1 markers with the 3:1 markers being added later creating the finalized linkage maps. The markers exhibiting segregation distortion were not included in the construction of the linkage maps. When the distorted marker class was added after the addition of the 3:1 marker class, it was clear that the maps were no longer accurate as markers and LGs no longer reflected the map created by Saha et al. (2005) . Both of the parents were used to define their respective coupling LGs using JOINMAP 5.0 (van Ooijen, 2006) . Construction of the linkage map was accomplished by treating the segregating data as a cross pollinator. After constructing the logarithm-of-the-odds (LOD) grouping trees, LGs were selected with a LOD grouping threshold of 7.0 and above. The calculation of the linkage maps used all pair-wise recombination estimates of less than 0.499 and a LOD score greater than 0.01 (ripple value = 1, jump threshold = 5, triple threshold = 7). Map distances were calculated using the Kosambi mapping function (Kosambi, 1944) . Two parental maps were first constructed with markers segregating in a 1:1 ratio. Markers present in both parents that segregated in a 3:1 ratio were later included to find the homologous LGs in the two parental maps. Homeologous LGs were identified by the inclusion of common SSR markers that were mapped in two or more
LGs generated by JOINMAP. These specific SSRs are bold and have lines linking those markers across the homeologous LGs ( Fig. 1 , 2) along with markers that had sequence similarity to one or more of the five comparative grass species. All linkage maps were edited and finalized by the MapChart software (Voorrips, 2002) .
Identification of Orthologous DArT Markers and Sequence Analysis of Mapped DArT Clones and Markers
The DArTFest markers that were placed on both the Continental and Mediterranean tall fescue maps were sequenced and used for identifying orthologous or homologous sequences in Brachypodium and barley. Mapped DArT marker sequences were sequenced in the Laboratory of Molecular Cytogenetics and Cytometry, Figure 1 . Mediterranean (103-2) tall fescue (Festuca arundinacea Schreb.) genetic linkage map. Homeologues within each group are designated A, B, and C. Some homeologues are designated D and E due to the inability to identify a complete linkage group. Five of the parental linkage groups without homeologues are denoted V, W, X, Y, and Z. The centimorgan distance scale is found at the left of each linkage group. The tall fescue expressed sequence tag-simple sequence repeat (EST-SSR) markers begin with nffa; the genomic SSR begin with nffg; the conserved grass EST-SSR markers begin with cnl; the meadow fescue EST-SSR begin with nfmf; the sequencetagged site (STS) markers developed from EST sequence data that were homologous to C-repeat binding factor (CBF) genes begin with CTG (cold tolerance gene-derived markers); and the diversity arrays technology (DArT) markers begin with D. The three-digit extension after the dash (-) in the name of a SSR marker indicates the size of the SSR band in base pairs. Markers highlighted in red are mapped in both parental linkage maps. Markers followed by Lp, Lm, Fp, Bd, or Hv and a number to the right of the individual linkage groups are homologous to that particular species (Lolium perenne L., L. multiflorum Lam., Festuca pratensis Huds., Brachypodium distachyon (L.) Beauv., Hordeum vulgare L., respectively) and located on that species' particular linkage group or chromosome. Fp and Lm were identified in Bartoš et al. (2011) ; Lp and Lp (underlined) were identified in Tomaszewski et al. (2012) or King et al. (2013) , respectively; and Hv or Bd were identified from BLASTn analysis from either barley (Hordeum vulgare L. 'Morex') or Brachypodium sequence data.
Institute of Experimental Botany, Czech Republic. To obtain the consensus sequence of each DArT marker, the forward and reverse sequence reads were aligned by the SeqMan module of the Lasergene software package (DNASTAR, 2008) . For comparative sequence analysis of tall fescue with the Brachypodium genome, mapped DArTFest sequences were subjected to BLASTn search to the Brachypodium genome sequences (http://www. brachypodium.org). Typically, returned sequences with a value less than an E-value of 10 −10 were not used. Similarly, the DArT marker sequences were also subjected to BLAST searches at ViroBLAST (http:// webblast.ipk-gatersleben.de/barley/viroblast.php) to identify bacterial artificial chromosome contigs and sequences from the barley cultivar Morex. For BLASTn searches, the threshold limits for significant hits were at least 80% nucleotide similarity and typically with an E-value of 10 −10 or greater. The orthologous sequences in meadow fescue, annual ryegrass, and perennial ryegrass were identified in the publications (Bartoš et al., 2011; Tomaszewski et al., 2012; King et al., 2013 ) and matched to the DArTFest identifiers that were mapped in the tall fescue linkage maps (ESM4 and 5).
Genomic In Situ Hybridization
To provide new insight into the genome constitution of Mediterranean and Continental morphotypes, we employed in situ hybridization with genomic DNAs of F. pratensis, F. glaucescens and F. mairei. Squash preparations as well as in situ hybridization were done according to Masoudi-Nejad et al. (2002) . Total genomic DNA of F. pratensis was labeled with digoxigenin using DIGNick Translation Kit (Roche Applied Science) and total genomic DNAs of F. mairei and F. glaucescens were labeled using biotin-Nick Translation Kit (Roche Applies Science). There were two independent runs of hybridization for each sample (plant) and a minimum of four metaphase spreads per plant. The squashes of Continental and Mediterranean morphotypes were placed side to side on each slide. Sites of probe hybridization were detected by Anti-DIG-FITC conjugate and streptavidin-Cy3 (Roche Applied Science). Fluorescence microscopy was done as described above, and Scion Image and Adobe Photoshop software were used for processing of color pictures.
Results
Molecular Markers Assayed
Altogether, four sets of SSR markers (CNL, NFFA, NFFG, and NFMF) were used to construct the parental linkage maps. From the above marker classes, there were 41, 23, and 23 of the NFFA, NFFG, and NFMF markers used in the creation of the female parent, 103-2, linkage map, respectively (Supplemental Table S1 ). The NFFG marker class provided the most loci per primer pair (PP) with an average of 1.5 loci per PP, while NFFA and NFMF averaged 1.2 and 1.3 loci per PP, respectively. Substantially more SSRs were mapped for the male parent, R43-64, compared with the female parent. The total number of SSRs used to create the R43-64 map were 160, 128, 60, and 2 of NFFA, NFFG, NFMF, and CNL markers, respectively (Supplemental Table S2 ). Again, the NFFG marker type provided the most loci per PP with an average of 2.1. A total of nine STS-CTG markers were scored with an average of 2.4 loci per PP. However, only six of those markers were used for mapping purposes. Between the parental maps, six loci were mapped in the female parent and seven loci mapped to the male parent.
The DArT markers represented roughly 50 and 45% of the 103-2 and R43-64 maps, respectively. A total of 208 unique DArTFest markers segregated from the 103-2 parent showed normal segregation. The remaining 215 distorted markers were not used for mapping. The male parent, R43-64, produced a total of 316 markers, of which 235 possessed a normal segregation ratio.
Marker Segregation
A total of 1591 markers were scored between the two parents, of which 1267 (80%) were scored as segregating from either 103-2 or R43-64 (Aa  aa or aa  Aa); the remaining 20% were segregating in both parental genotypes (Aa  Aa). More markers were observed to segregate from R43-64 than from 103-2 (745 (59%) vs. 522 (41%), respectively). A total of 735 (46%) markers segregated in a 1:1 ratio. The parent R43-64 had the largest contribution with 548 (75%), while 103-2 had only 187 (25%). There were 143 (9%) markers segregated from both parents that showed a normal 3:1 segregation ratio. Together, markers segregating in a 1:1 and 3:1 ratio comprised 55% of the total scored markers. The remaining 45% showed segregation distortions. A total of 716 distorted markers were identified with 532 (74%) segregated from one of the parents, either the male (197) or the female (335). The remaining 184 (26%) distorted markers segregated from both parents. None of the distorted markers were included in construction of the parental maps due to improper LG assembly.
Parental Maps
The Mediterranean parent's (103-2) linkage map consisted of 93 SSR-STSs and 115 DArTFest-based markers out of the 330 markers that showed normal segregation ( Table 1 ). The remaining 122 (37%) markers were not mapped, potentially due to scoring errors, linked markers, or segregation patterns inconsistent with expected ratios. In contrast, the Continental (R43-64) parental linkage map contained 358 SSR-STSs and 235 DArTFest-based markers. Only 97 (14%) of the markers that showed normal segregation remained unmapped (Table  1) . Unlike the 103-2 map, the marker density was much higher (2.65 cM per marker) ( Table 1 ). Homeologues within each group are designated A, B, and C. Some homeologues are designated D and E due to the inability to identify a complete linkage group. The centimorgan distance scale is found at the left of each linkage group. The tall fescue expressed sequence tag-simple sequence repeat (EST-SSR) markers begin with nffa; the genomic SSR begin with nffg; the conserved grass EST-SSR markers begin with cnl; the meadow fescue EST-SSR begin with nfmf; the sequence-tagged site (STS) markers developed from EST sequence data that were homologous to CBF (C-repeat binding factor) genes begin with CTG (cold tolerance gene-derived markers); and the diversity arrays technology (DArT) markers begin with D. The three-digit extension after the dash (-) in the name of a SSR marker indicates the size of the SSR band in base pairs. Markers highlighted in red are mapped in both parental linkage maps. Markers followed by Lp, Lm, Fp, Bd, or Hv and a number to the right of the individual linkage groups are homologous to that particular species (Lolium perenne L., L. multiflorum Lam., Festuca pratensis Huds., Brachypodium distachyon (L.) Beauv., Hordeum vulgare L., respectively) and found on that species' particular linkage group or chromosome. Fp and Lm were identified in Bartoš et al. (2011) ; Lp and Lp (underlined) were identified in Tomaszewski et al. (2012) or King et al. (2013) , respectively, and Hv or Bd were identified from BLASTn analysis from either barley (Hordeum vulgare L. 'Morex') or Brachypodium sequence data.
The DArTFest markers had the greatest distribution, covering 21
LGs for 103-2 and all LGs for R43-64 (Table  2 ). The NFFA, NFFG, and NFMF markers covered 19, 20, and 17 LGs for the R43-64 map, respectively. In the 103-2 map, NFFA markers were identified in 16 out of 29 LGs, while only 12 and 13 LGs had NFFG and NFMF markers, respectively (Fig. 1) . The CTG markers on both maps were found on LGs 2 and 7. Only the R43-64 map contained any CNL SSRs on LGs 4C and 7A (Fig. 2) .
The Mediterranean parental linkage map contained a total of 208 markers that resulted in 29 LGs ranging in size from 1.5 to 100.6 cM with an average of 43.4 cM (Fig. 1) . Total map length covered 1257.8 cM, with an average of only 7.2 markers per LG and a marker density of 6.08 cM per marker. The Continental parent map is constructed with a total of 594 markers arranged in 22
LGs. The size of the LGs ranged from 1.5 to 99.6 cM with an average of 71.7 cM (Fig. 2) . The entire map length for 
R43-64 was 1577.3 cM. It was not possible to identify all the homeologous
LGs for either parent. Linkage group 1C was not identified, and LG 5 produced five homeologues for R43-64. The 103-2 parental map is distinctly different with LG 4 only having one homeologue. Linkage groups 2, 3, and 6 each had their three respective homeologues while LGs 1, 5, and 7 each had five homeologues. There were an additional five LGs (V, W, X, Y, Z) where homeologues were not identified and did not have any markers in common with any of the LG from R43-64 ( Fig. 1, 2) . Collectively, 67 SSRs appear to be homeologous covering every LG for R43-64, while 103-2 only had six, all of which were located on LG 3. 
Alignment and Synteny of Homologous Sequences to Mapped DArTs
BLAST analysis with five grass species identified a total of 98 and 171 DArT homologous sequences in the Mediterranean and Continental linkage maps, respectively (Table 3) . Among those DArT sequences, 25 were common between the parental genotypes and were placed on both linkage maps (Fig. 1, 2 ). The Mediterranean parent had twice as many DArT markers in common with meadow fescue as the Continental parent. The reverse was true for the remaining species where the Continental parent had nearly double the number of DArT markers as 103-2. In both parental maps, barley had the greatest number of syntenic sequences with 31 for 103-2 and 55 for R43-64; this was followed by Brachypodium, the ryegrasses were intermediate, and meadow fescue had the least in common. Those sequences that returned multiple homologous locations for the queried species, with the exception of a large difference in E-values between the differing locations, were not placed on the linkage maps. All significant homologies are listed in Supplementary Table S1 and S2.
It was not possible to determine synteny for the Mediterranean linkage map because of the low number of sequence similarities. However, synteny between the Continental parent against the Brachypodium and barley was identified. Because Brachypodium is comprised of five chromosomes while hexaploid F. arundinacea has 21 with a base number of seven, chromosomal structures are different between the species. All syntenic sequences that were found across the individual F. arundinacea homeologous LGs were summed together to the base number seven. Tall fescue LGs Fa1A,B, Fa4A ,B,C, and Fa6A,B appear to be syntenic to Brachypodium chromosomes Bd02, Bd01, and Bd03, respectively (Table 4 ). The remaining F. arundinacea LGs did not have clear synteny to any of the Brachypodium LGs. A better syntenic relationship was established between tall fescue and barley. Across LGs of the Continental parent, Fa3A,B,C had nine syntenic sequences, the greatest number of relationships, while Fa5A,B,C,D,E had the smallest number with four (Table 5 ). Only nine of the 55 sequences did not lie on the homologous chromosomes.
Genomic In Situ Hybridization
We used genomic in situ hybridization (Fig. 3) with the aim to identify potential progenitors of both morphotypes. Fourteen chromosomes corresponding with one subgenome showed a hybridization signal with meadow fescue in both morphotypes. Surprisingly, both probes from tetraploid species (F. mairei and F. glaucescens) provided signals over the same 28 chromosomes corresponding with the other two subgenomes of tall fescues. Thus, no clear identification of potential progenitors of both morphotypes was reached, and both species can be speculated to participate on both morphotypes' originations.
Discussion
Here we have shown, for the first time, the mapping of DArTFest markers in tall fescue. The DArT platform has been used to successfully genotype individuals as well as to generate genetic maps of various species of monocots (Bartoš et al., 2011; Wenzl et al., 2004 Wenzl et al., , 2006 Akbari et al., 2006; Mace et al., 2008; White et al., 2008; Baird et al., 2012) . One drawback of using this array is that the probes do not always produce consistent results between runs. This was the case between our analysis and that of Kopecký et al. (2009a) , where 668 unique probes were identified in our population of which 142 probes were not identified or used in the Kopecký et al. (2009a) results. This is the third tall fescue genetic map created (Xu et al., 1995; Saha et al., 2005) and the second time the R43-64 parental map has been constructed. The first R43-64 map was constructed with only 153 SSRs but with a large number of AFLP markers . During the first R43-64 linkage map construction using SSRs, the percentage mapped was much greater (84%) compared with the 61% of polymorphic SSR markers used for the map presented here. The difference between maps was primarily due to the number of markers that 6.08 2.65 † Data presented for sequence tag site-simple sequence repeat (STS-SSRs), diversity arrays technology (DArT), and total markers that segregated in a 1:1 or 3:1 ratio. Grand total includes markers that segregated in Mendelian fashion and showed segregation distortion. ‡ Numbers in parentheses indicate the percentage of the markers mapped within that specific category. § Numbers in brackets indicate the percentage of the total markers scored for that specific category (i.e., STS-SSR or DArT).
could be placed on the map as the female parent 103-2 had both fewer number of total markers and a greater number of distorted markers that could not be mapped. The use of SSRs is advantageous because they are highly transferrable across species and genera (Peakall et al., 1998; Roa et al., 2000; Gaitán-Solís et al., 2002) . Such transferability is also evident in this study through the use of the NFMF and CNL SSRs. Additionally, it is clear that the DArT markers from other Festuca and Lolium species are easily identifiable.
The abundance of markers that are contributed by a single parent and segregated in a 1:1 ratio indicate that those regions are in a heterozygous state in the donor parent while being homozygous-recessive or homozygousabsent in the other parent. The markers that are heterozygous in both parental genotypes (3:1) are typically used to identify the homeologous linkage groups from each of the parents (Maliepaard et al., 1998) . In the previous Continental  Continental linkage map, 20% of the total markers segregated from both parents , which was similar to this study. However, we were only able to map 32 of those loci while Saha et al. (2005) mapped 99. This allowed them to identify 37 LGs from both parental maps and construct 17 integrated LGs. However, from 1A  0  0  1  1  1  6  9  0  0  0  18  20  20  58  1B  0  0  2  0  0  3  5  0  0  2  6  2  6  16  1C  0  0  0  0  0  6  6  ------0  1D  0  0  1  4  5  0  10  ------0  1E  0  0  0  0  1  4  5  ------0  2A  1  0  6  1  2  7  17  2  0  16  5  21  11  55  2B  0 6  7  0  0  5  3  5  10  23  6C  0  0  0  1  0  7  8  0  0  1  3  8  8  20  7A  2  0  1  1  2  6  12  4  0  1  1  0  17  23  7B  3  0  1  1  1  3  9  1  1  2  6  8  21  39  7C  0  0  0  0  1  2  3  1  0  0  5  6  8  20  7D  0  0  0  0  4  3 Total  6  0  24  23  40  115  208  8  2  60  128  160  236  594 our 32 common markers we were not confident in constructing an integrated link map from the parental maps. These data indicate that these parental genotypes may be divergent and share few markers. The distorted marker class was a large portion of our total markers scored. Typically, distorted markers are only a small portion of the total markers; however, polyploidy and outcrossing species can exhibit a greater number of distorted markers. A previous tall fescue map was comprised of 20 to 24% of distorted markers . This is similar to the first tall fescue linkage map (Xu et al., 1995) . In maize, it has been observed that distorted markers could comprise up to 36% of the total markers, although the average was 17% (Lu et al., 2002) . Interestingly, in an interspecific cross between tomato species Lycopersicon esculentum  L. chmielewskii, the distorted markers reached 68% (Paterson et al., 1988) . Nearly 61 and 35% of all markers scored in 103-2 and R43-64 parents, respectively, showed distorted segregation. This discrepancy between parents has also been observed in maize where one parent had 55% of the total distorted markers while the other parent had 36% (Lu et al., 2002) . Evidence suggests that segregation distortion and restricted recombination are often found in the genomes of interspecific hybrid populations (Paterson et al., 1988; Arnold, 1997) . This can be due to the accumulation of mutations by the individual species before their hybridization (Rieseberg et al., 1995) . Markers that map close to a gene that causes segregation distortion would also display distorted ratios (Zamir and Tadmor, 1986) . If the distorted marker loci are not arranged correctly on the linkage map, any QTL analysis performed using these maps will not be valid (De-qiang et al., 2007) . We attempted to include the distorted marker class in mapping; however, it was clear that the linkage maps were no longer accurate as the distorted markers disrupted the marker order, shrank the map length, joined multiple linkage groups that should be separate (as identified by homologous markers), and failed to map some 1:1 and 3:1 markers that were mapped previously. Due to these issues, none of the distorted markers were placed on the tall fescue maps. Interestingly, the 3:1 markers grouped as clusters, which would normally be found for distorted markers. This occurred primarily in the parental genotype 103-2. Entire LGs (1C, 2C, 5D, and 6C) were composed of only markers segregating in a 3:1 ratio.
Regardless of the distorted markers, the map length and marker densities was similar to that of Saha et al. (2005) , where they reported a total length of 1722 cM for R43-64 in a different mapping population. The current map possesses a slightly higher marker density compared with its original 2.97 cM per marker. It is not uncommon for linkage maps to have different overall lengths, which can be attributed to the variation in the number 
of recombination events that occurred in populations. In addition, the number of markers used will influence the overall length. In contrast, the overall length of the 103-2 map was smaller by 320 cM. This difference in length between the parental lines cannot be accounted for by recombination events alone. There were 223 fewer markers used in the construction of the 103-2 map, which is likely one of the causative factors. The majority of the markers scored in 103-2 were unusable due to their segregation distortion as mentioned earlier. This may be due to faulty chromosome recognition as a result of different genome structures between the Mediterranean and Continental genotypes. This faulty recognition might be a consequence of the unequal representation of the G 1 and G 2 genomes or possibly a different genetic constitution. Kopecký et al., (2009b) reported that the G subgenomes (G 1 and G 2 ) regularly paired when hexaploid F. arundinacea was crossed with diploid species. Therefore, a pairing control system might be located on one of the F. glaucescens genomes. By having only half of the G subgenomes present, the genomes G 1 and G 2 could be identifying each other in the progeny, causing portions of the remaining unknown subgenomes to be lost. That type of event was observed in hybrids between annual ryegrass  meadow fescue, where chromosome elimination occurred and the progeny had unequal chromosome sets (Kopecký et al., 2006) . In fact, a subset of the tall fescue progeny was karyotyped to determine the number of chromosomes. Approximately 15% of the progeny were found to be aneuploid. There are known gametocidal genes and chromosomes that when the introgressed chromosome from different species is present eliminates chromosome(s) of the recipient. Another possibility could be the elimination of particular alleles through a gametic selection factor causing markers to be distorted, although the number of distorted alleles is exceptionally high and observed in both parental lines makes this possibility doubtful. These proposed possibilities can contribute to the observed aneuploid levels and distorted markers, which may lead to the incomplete structure of the 103-2 linkage map.
Similar to the previous tall fescue linkage map ) not all homeologous linkage groups were identified for either parent with additional small linkage groups missing common markers to place them appropriately. This may be due to several reasons including too few markers to join the small linkages, thresholds used when creating the maps, scoring errors, and the underling algorithms used by JoinMap to organize the markers into groups.
In a previous study, it was observed that meadow fescue had a stronger relationship with tall fescue compared with annual ryegrass and perennial ryegrass based on shared DArT markers (Kopecký et al., 2009a) . However, the data from our maps reveals a higher proportion of DArT markers exist between annual ryegrass and perennial ryegrass maps than the meadow fescue map. This may be due to the parents used for the creation of the linkage maps. More likely, it is due to the number of DArT markers placed on those maps, where there are 3.6 and 4.4 more markers on the annual ryegrass (Bartoš et al., 2011) and perennial ryegrass (Tomaszewski et al., 2012) maps, respectively, compared with the meadow fescue (Bartoš et al., 2011) map.
The DArTFest array was initially used in the creation of linkage maps in meadow fescue, Italian ryegrass (Bartoš et al., 2011) and perennial ryegrass (Tomaszewski et al., 2012; King et al., 2013) . This has allowed the identification of orthologous regions among those species and others like rice and Brachypodium. In this study, it was not clear what syntenic groups were in common between R43-64 and Brachypodium, but they tended to have common syntenic regions similar to those of L. multiflorum Lam. when compared with Brachypodium (Bartoš et al., 2011) . This, along with the identification of DArT markers on orthologous chromosomes, suggests that many of the gene regions are in common and have colinearity among these species.
An indication that the two morphotypes of tall fescue may in fact be distinct species is the DArTFest marker data of the genotype Fa-35 from Morocco used in the initial tall fescue subset to validate the DArTFest array (http://bioinf. scri.ac.uk/germinate_grasses/). The 103-2 genotype contained 78 unique markers specific to the Fa-35 accession when compared with the other 39 genotypes (Kopecký et al., 2009a) . Another distinctive difference is that the nuclear and chloroplast genomes of Mediterranean tall fescue are more similar to F. mairei than F. glaucescens (Xu et al., 1991) . The matK chloroplast gene sequence analysis also revealed similar results (Hand et al., 2010) . Hand et al. (2012) , using 34 EST-SSRs, genotyped Continental and Mediterranean tall fescue along with related species. It was determined that the Mediterranean morphotypes were unique compared with Continental morphotypes as well as the other related grasses studied. Lastly, it is known that the endophytes that live within the tall fescue morphotypes are distinct. Specifically, the rhizomatous morphotype of tall fescue is similar to that of the Continental, but the Mediterranean is more similar to decaploid tall fescue (F. arundinacea var. letourneuxiana and cirtensis) (Ekanayake et al., 2012) . Ultimately, this evidence seems to suggest that Continental and Mediterranean fescues are not morphotypes, but distinct species.
However, from our GISH experiment we were not able to clearly identify the progenitors of either morphotype due to a hybridization of both F. mairei and F. glaucescens with the two subgenomes of the tall fescues. This is most likely caused by a close relationship of F. mairei and F. glaucescens. F. pratensis seems to be the most probable progenitor of the third subgenome of both morphotypes. From the data of chloroplast DNA, it seems that F. pratensis is the paternal species and either F. glaucescens or F. mairei are the maternal species during the origination of tall fescue(s) via interspecific hybridization and polyploidization of the Mediterranean morphotype.
Conclusions
We presented for the first time a linkage map of Continental  Mediterranean tall fescue with SSR, STS, and DArT markers. The map coverage and marker density was encouraging in the Continental parent; however, the Mediterranean parental map needs further improvement. The inclusion of DArT markers was highly useful due to the speed at which those data points can be generated, incorporate markers that are a low copy number, and have cross-species application. They allowed the identification of syntenic regions of chromosomes from related grass species. In fact, it appears that the Continental and Mediterranean morphotypes, although related, actually have a distinct genetic makeup even though the GISH analysis was inconclusive.
